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In the presence of extrinsic Rashba spin-orbit coupling, we find that silicene can host a new
quantum anomalous Hall state with spin- and valley-polarized edge states, which can be effectively
controlled by the exchange field and electric field. In this new state, the pair of nontrivial edge
states reside in one specific valley and have a strong but opposite spin polarization. A distinctive
feature of this new state is that both of the spin and valley index of the edge states can be switched
by reversing the electric field. We also present a microscopic mechanism for the origination of the
new state. Our findings provide an efficient way to control the topologically protected spin- and
valley-polarized edge states, which is crucial for spintronics and valleytronics.
PACS numbers: 73.43.-f, 71.70.Ej, 03.65.Vf, 72.25.-b
I. INTRODUCTION
Two dimensional topological insulators with honey-
comb structure have attracted much attention due to
various kinds of binary degree of freedom: spin, valley
and sublattice1–5, and the topologically protected metal-
lic edge states6,7. Nanoelectronic devices designed by
topologically protected edge states are immune to the
disorder and defects of system. Furthermore, these de-
vices can take advantage of the intrinsic spin or valley
degrees of freedom of system. Under some specific situ-
ations, the edge states of honeycomb materials are spin-
or valley-polarized8. However, if these materials are pla-
nar such as graphene, the binary degree of freedom of the
edge states are difficult to switch and thus cannot be ap-
plied in nanodevices. On the other hand, the electronic
properties of low-buckled honeycomb materials can be
tuned by electric field naturally.
Silicene, which is a low-buckled honeycomb
material9,10, exhibits various physical properties such as
quantum spin Hall (QSH) effect9–12, quantum anomalous
Hall (QAH) effect13–15, strong circular dichroism16 and
superconductivity17,18. It also undergoes a topological
phase transition by irradiating circular polarized light
in the presence of electric field19,20. Silicene has been
synthesized on different substrates, including the surface
of Ag(111), ZrB2, In(111) etc
21–24. Moreover, silicene
field-effect transistor has been fabricated at room
temperature recently25.
Generally, the extrinsic Rashba spin-orbital coupling
(SOC) of pristine silicene is zero because of the structure
inversion symmetry10. And the extrinsic Rashba SOC
induced by external electric field is negligible10,13. But
strong extrinsic Rashba SOC may arise due to metal-
atom adsorption or substrate, as they break the struc-
ture inversion symmetry of system dramatically, as dis-
cussed in graphene26–29. Recently, the first-principles
calculations have shown that the strong extrinsic SOC
effect in silicene with adsorption of different transition
metal atoms attributes ∼ 7− 44 meV to the band gap30,
which is much larger than the gap (1.55 meV ) of pris-
tine silicene9. The ferromagnetic substrate and transition
metal adatoms also can induce sizable exchange field31,32.
In this work, we present that silicene with extrin-
sic Rashba SOC can host a new topological state in
the space of exchange field and electric field: spin- and
valley-polarized QAH insulator (SV-QAHI), possessing
a nonzero Chern number C = ±1 and a pair of non-
trivial edge states localized at a specific valley with a
strong but opposite spin polarization. This new state is
different from the valley-polarized QAH (VQAH) insu-
lator reported by Pan et. al.15, which is induced by the
competition between intrinsic and extrinsic Rashba SOC.
SV-QAHI can emerge without intrinsic Rashba SOC. A
distinctive feature of SV-QAHI is that the spin and valley
direction of the gapless edge states can be easily switched
by reversing the electric field, resulting in an electric filed
control of spin and valley index. These switching prop-
erties of spin and valley index are useful for spintronics
and valleytronics.
The present paper is composed as follows. In Sec. II,
we introduce the tight-binding Hamiltonian of silicene
with extrinsic Rashba SOC, exchange field and electric
field. Section III presents the phase diagram of silicene
in the space of exchange field and electric field. We also
discuss the exotic properties and the origin of the non-
trivial edge states of SV-QAHI in this section. Finally,
we give our conclusion and summarize our results in Sec.
IV.
II. HAMILTONIAN
The tight-binding (TB) Hamiltonian of silicene with
extrinsic Rashba SOC, exchange field and electric field
2reads10:
H = −t
∑
<i,j>α
c†iαcjα + i λ
∑
<i,j>αβ
c†iα (σ × dij)
z
αβ cjβ
+M
∑
iαβ
c†iασ
z
αβciβ +∆
∑
iα
µic
†
iαciα (1)
where c†iα(ciα) is the electronic creation (annihilation) op-
erator with spin α at site i. σ is the Pauli matrix, dij rep-
resents a unit vector connecting sites i and j, and < i, j >
stands for nearest-neighbor sites. The first term is the
usual nearest-neighbor hopping with t = 1.08 eV 10. The
second and third terms represent the extrinsic Rashba
SOC (λ) and exchange field (M) respectively, both can
induced by ferromagnetic substrate or adsorption of tran-
sition metal atoms on silicene30. ∆ is the staggered sub-
lattice potential arising from an electric field perpendicu-
lar to silicene sheet. Here, we neglect the influence of elec-
tric field on extrinsic Rashba SOC. We also neglect the
intrinsic SOC and intrinsic Rashba SOC, as the adatoms
or substrate induced extrinsic Rashba SOC may be much
stronger than the intrinsic SOCs26,29,30, in which situa-
tions we are interested.
III. PHASE DIAGRAM AND SPIN- AND
VALLEY-POLARIZED EDGE STATES
In Fig. 1, we presented the phase diagram of silicene in
the (M,∆) space. All the phases are characterized by the
Chern number (C) and the valley degree of freedom of the
nontrivial edge states (Vedge). The Chern number (C) de-
termines the topological properties of phase. And Vedge
is introduced to present the valley-polarized properties
of the nontrivial edge states. We define Vedge ≡ 1/ − 1
when the gapless edge states are localized around K/K ′
valley, and Vedge ≡ 0 if there is no gapless edge states
or the gapless edge states are not localized around one
specific valley. When exchange field dominates over the
electric field, silicene is a quantum anomalous Hall insula-
tor (QAHI) with (C, Vedge) = (2, 0) forM > 0. In Fig. 2,
we present the band structures of the zigzag-terminated
nanoribbon at marked points in Fig. 1. The nanoribbon
band structure of QAHI with (C, Vedge) = (2, 0) is pre-
sented in Fig. 2b. Silicene undergoes a topological phase
transition from QAHI to SV-QAHI when the strength
of external electric field increases and crosses a critical
value. The index of SV-QAHI is (−1, 1) for M > 0 and
∆ > 0, as shown in Fig. 2a. Keep increasing the electric
field, silicene would undergo another topological phase
transition to a band insulator (BI) with index (0, 0).
The most exciting finding is that the edge states of
zigzag-terminated SV-QAHI are approximately mono-
component, and the spin and valley direction of them can
be switched by electric field. For clarity, we define the
uppermost/downmost atoms of the zigzag-terminated
nanoribbon belong to sublattice A/B. Let us start from
SV-QAHI with index (−1, 1) (∆ > 0 &M > 0), of which
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FIG. 1. (Color online) Phase Diagram of silicene in the
(M,∆) space with extrinsic Rshaba SOC λ = 0.2 t, calculated
from the TB Hamiltonian (1). The solid lines separate the
phases, which are indexed by the Chern number and the valley
index of the edge state (C, Vedge). We define Vedge ≡ 1/ − 1
when the gapless edge states are located around K/K′ valley,
and Vedge ≡ 0 if there is no gapless edge state or the gapless
edge states are not located around one valley. M and ∆ are
in unit of t.
the edge currents at the top- and bottom-edge of nanorib-
bon are mainly composed by |A,K, ↓> and |B,K, ↑> re-
spectively, as shown in Fig. 3a. If we reverse the elec-
tric field and keep exchange field unchanged (∆ < 0 &
M > 0), silicene becomes a (−1,−1) SV-QAHI (Fig. 3b),
and the binary indices of top- and bottom-edge states be-
come |A,K ′, ↑> and |B,K ′, ↓>, directly demonstrating
that the spin and valley index of the edge states have been
switched. And if we reverse the exchange field instead of
electric field (∆ > 0 &M < 0), silicene turns into (1,−1)
SV-QAHI (Fig. 3c), and the binary indices of top- and
bottom-edge states become |A,K ′, ↑> and |B,K ′, ↓> re-
spectively which are same as that of (−1,−1) SV-QAHI
(Fig. 3b). But the direction of top- and bottom-edge
current between (1,−1) and (−1,−1) SV-QAHI are op-
posite, which can be found by the Chern numbers and the
slopes of the edge states of these two insulators. Simi-
larly, the binary indices of the edge currents of (1, 1) SV-
QAHI (Fig. 3d) are the same as that of (−1, 1) SV-QAHI
(Fig. 3a), while the direction of edge currents of them
are opposite too. In short, we can switch the polariza-
tion direction of spin and valley of the edge states by
reversing electric field. And the polarization direction of
spin, valley and the propagation of edge current are all
switched by reversing exchange field.
In order to understand the underlying physics of SV-
QAHI, we first explore the phase diagram of silicene
analytically by a low-energy effective Hamiltonian33,
then discuss the origination of the approximately mono-
component edge states, and the electric field control of
spin and valley direction of the edge states. First, we
expand the TB Hamiltonian (1) around valley points (K
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FIG. 2. (Color online) Band structures of the zigzag-terminated nanoribbon at marked points in Fig. 1, calculated from
the TB Hamiltonian (1). The topological index (C, Vedge) are (a) SV-QAHI1: (1, 1) (∆ = 0.38 t & M = 0.4 t); (b) QAHI:
(2, 0) (∆ = 0 t & M = 0.4 t); (c) SV-QAHI2: (1,−1) (∆ = −0.38 t & M = 0.4 t). Blue/Red curves represents edge states
propagating along the top/bottom edge of nanoribbon. Energy is in unit of t and momentum is in unit of 1/a.
and K ′):
Hτ =


∆+M h+ 0 −vFkτ+
h∗+ −∆−M −vFkτ− 0
0 −vFkτ+ ∆−M h−
−vFkτ− 0 h∗− −∆+M

 (2)
with the basis (A ↑, B ↓, A ↓, B ↑)T , and
h± = i
3
2
λ (1± τ) −
√
3
4
λ (τ ∓ 1) (ikx + τky) a (3)
where τ = ±1 represents valley degrees of freedom
K(K ′), and kτ± = τkx± iky. vF =
√
3
2 at = 5.5× 105 m/s
is Fermi velocity with the lattice constant a = 3.86 A˚10.
Since the extrinsic Rashba SOC is not negligible in the
present model, we keep λkx(y) in the second term of Eq.
(3), and it turns out that λkx(y) is crucial to obtain
the SV-QAHI, and leads to the trigonal warping effects
around the valleys. As shown in Eq. (3), the extrinsic
Rashba SOC term is strongly valley dependent, and cou-
ples |A ↑>(|A ↓>) and |B ↓>(|B ↑>) as to make the spin
and sublattice degrees of freedom are tightly connected
to each other. Therefore, the operations on sublattice po-
tential by electric field would affect the spin, which gives
rise to a possibility of full electric-field control of spin of
the system.
The energy bands of silicene at K or K ′ points
are ±(∆ + M) and ±
√
(M −∆)2 + 9λ2 or ±(∆ −
M) and ±
√
(M +∆)2 + 9λ2, respectively. When ∆
approaches M , the low-energy bands (±(|∆| − |M |))
are well separated from the other high-energy bands
(±
√
(|M | − |∆|)2 + 9λ2) owing to nonzero λ. Thus, in
the presence of extrinsic Rashba SOC and |∆| ≃ |M |,
a two-band low energy effective Hamiltonian can be
established10:
Heff (k) = d(k) · σ (4)
with
dx = −λkya
(√
3
2
+ 3ηΓkx/a
)
dy =
√
3λ
2
(
ηkxa−
√
3Γ(k2x − k2y)
)
dz = ∆− ηM
(
1− Γk2)
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FIG. 3. (Color online) Enlarged edge states of zigzag-
terminated nanoribbons of SV-QAHI in the four quadrant
of (M,∆) space. Strong spin polarization edge currents prop-
agate along the nanoribbons edges. Blue/Red curves repre-
sents edge states propagating along the top/bottom edge of
nanoribbon. By reversing the external electric field (∆) or ex-
change field (M), the polarization direction of spin and valley
of the edge states can be switched.
where η = Sgn(M∆) and Γ = 2v2F /
(
4|∆M |+ 9λ2).
When η = 1/ − 1, the low-energy states are localized
around K/K ′ valley, as shown in Fig. 3. The basis of
Heff (k) is (A ↓, B ↑)T when η = 1 and (A ↑, B ↓)T when
η = −1. The effective Hamiltonian also satisfies the fol-
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FIG. 4. (Color online) Skyrmion spin texture needs sz
ranges from 1 to −1 and the azimuth angle of spin ϕs =
ArcTan (sy(k)/sx(k)) changes from 0 to 2pi with any sz.
Left: The contour map of sz around K valley of SV-QAHI
for M > 0 and ∆ > 0, calculated from the effective Hamil-
tonian Heff (k) (4), which shows the reversal of spin and the
trigonal warping effect around valley. Right: Along the iso-
line of sz(k), the azimuth angle of spin ϕs changes from 0
to 2pi. Here we present the behavior of ϕs as a function
of θk = ArcTan (ky/kx) with sz(k) = −0.6. The isoline of
sz(k) = −0.6 is marked by red curve in left figure. With other
sz(k), ϕs also presents similar behavior (not shown). Hence,
these two figures directly indicate that Heff (k) generates a
Skyrmion spin texture.
lowing symmetry operations,
Heff (−∆,M,k) = σyHeff (∆,M,−k)σy (5)
Heff (−∆,−M,ky) = σyHeff (∆,M,−ky)σy (6)
Based on these symmetry operations, we can assume ∆ >
0 and M > 0 in the following discussion without loss of
generality. The energy spectrum can be directly derived
as εk = ±|d|. The zero energy εk = 0 only occurs when
all the elements of Heff (k) vanish. We obtain two phase
boundaries: ∆+(M) =M with single Dirac point located
at K point (k+ = 0), and
∆−(M) =M
6v2F − 9λ2a2
6v2F + 4M
2a2
(7)
with three Dirac points located at
k− = k−einpi/3 =
a
(
4|∆−M |+ 9λ2
)
2
√
3v2F
einpi/3 (8)
with n = 0, ±1 corresponding to the trigonal warping
terms. The SV-QAHI exists over the electric field region
∆− < ∆ < ∆+. Note that Heff (k) is only well defined
around the valley centers, hence, ∆−(M) (Eq. (7)) would
be invalid when λ or M is large, where k− (Eq. (8)) is
large too. However, SV-QAHI does emerge when ∆ is
smaller than M and larger than a critical value, which
can be found by the calculations of TB Hamiltonian (1).
Now we study the physical properties of the gapless
edge states of SV-QAHI by the effective Hamiltonian
Heff (k). Generally, the topological properties of sys-
tem can also be understood by Skyrmion spin (sublat-
tice) texture34,35. In Fig. 4, we present the contour map
of z-component spin (sublattice) (sz(k)) of SV-QAHI
in the vicinity of Fermi level. sz(k) =< vk|σz|vk >
with |vk >= 1Nk (dz − |d|, dx + idy)
T being the eigen-
function of valence band of Heff (k) and Nk the nor-
malization constant. The expression of sz(k) is too
long and not necessary to present here. The important
things are that in the SV-QAHI phase, sz(k = 0) = 1
and sz(k
′) = −1 with k′ = aeinpi/3/ (√3Γ(∆)) and
n = 0,±1. Along the isoline of sz(k), the azimuth angle
of spin ϕ = ArcTan (sy(k)/sx(k)) changes from 0 to 2pi
continuously, which is shown in Fig. 4 too. Therefore
a Skyrmion spin (sublattice) texture is generated in the
SV-QAHI phase.
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FIG. 5. (Color online) The probability of |A ↓> and |B ↑>
in the edge states of zigzag-terminated SV-QAHI nanoribbon
(M > 0 and ∆ > 0), obtained from the TB Hamiltonian (1).
The solid lines intuitively show the edge states are almost
composed by the basis of Heff (k): (A ↓, B ↑)
T . The dash
lines show that the edge current propagating along top and
bottom edge have strong spin polarization: mainly composed
by |A ↓> and |B ↑> respectively.
Usually, Skyrmion and nontrivial edge states are two
sides of the topological properties of system. Thus, the
nontrivial edge states of nanoribbon can be expected to
be mainly composed by |A ↓> and |B ↑>, which are the
basis of the low-energy effective Hamiltonian Heff (k).
Fig. 5 presents the probability of |A ↓> and |B ↑> in
the gapless edge states within the bulk energy gap. It
shows that the total probability of |A ↓> and |B ↑>
in the edge states is more than 96% (solid curves in
Fig. 5). And the top/bottom edge current is mainly
composed by |A ↓>/|B ↑> (dashed curves in Fig. 5).
From the effective Hamiltonian Heff (k), we know that
if we reverse the electric field, the position of low-energy
states changes fromK valley to K ′ valley and the basis of
Heff (k) changes from (A ↓, B ↑)T to (A ↑, B ↓)T . Con-
sequently, by reversing electric field, the component of
the edge current propagating along the top/bottom-edge
changes from |A ↓>/|B ↑> to |A ↑>/|B ↓>, resulting in
the electric field switching of spin and valley direction of
the edge states.
5At last, we make some discussions on the realization of
SV-QAHI. From the effective Hamiltonian Heff (k) (4),
we note that the SV-QAHI can exist over a wide electric
field region when M or λ is large. Hence, the SV-QAHI
may appear and be observed in silicene with suitable
adsorption of transition metal atoms and ferromagnetic
substrate. Moreover, since germanene and stanene share
most of the electronic properties of silicene, we expect
this SV-QAHI also can emerge in these two materials36.
IV. CONCLUSIONS
In summary, we present that a new quantum anoma-
lous Hall state can be obtained in silicene with extrin-
sic Rashba SOC. The gapless edge states of a zigzag-
terminated nanoribbon of this new state have strong but
opposite spin polarization and are located around one
specific valley. The emergence of the novel spin- and
valley-polarized edge states are explained in detail by two
band low-energy effective Hamiltonian model. It is found
that the extrinsic Rashba SOC is crucial for realizing such
new states. Particularly, the direction of spin and valley
of the edge states can be easily switched by reversing the
electric field or exchange field. This electric field con-
trol of spin and valley provides an opportunity to design
newly topological-state based spintronic and valleytronic
devices.
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